
 

Supplementary Figure 1 

Coverage distribution for reference panel. 

(a) Average coverage for all non-reference bases for all samples in the custom reference panel. An average coverage of 43.7 reads per 
base was achieved. (b) Percentage of non-reference bases covered by at least 5 (blue), 10 (yellow) or 20 (red) reads. Histograms 
include all individuals, before quality control. 
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Supplementary Figure 2 

Comparison between meta-analysis and linear mixed-model results. 

Regressing the –log10 (P values) derived from the linear mixed model on the meta-analysis P values yielded a slope below the diagonal 

(  = 0.86), implying no overall inflation of the test statistic. Strongly associated SNPs, however, deviated from the regression line 

representing the increased power of a linear mixed model in comparison to a meta-analysis for association testing. 
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Supplementary Figure 3 

Quantile–quantile plots. 

(a,b) Meta-analysis (a) and linear mixed model (b). For presentation purposes, P values <5 × 10
–8

 are plotted at 5 × 10
–8

. 
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Supplementary Figure 4 

Replication results. 

Forest plot for the inverse-variance-weighted, fixed-effect meta-analysis of the discovery phase and replication cohorts. OR, odds ratio; 
CI, confidence interval. 
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Supplementary Figure 5 

Fine-mapping of the C21orf2 locus. 

(a) Associations for all SNPs analyzed in the GWAS in the C21orf2 locus where only rs75087725 reaches genome-wide significance. 

(b) LD as defined by |D | (absolute D-prime value) for all variants obtained from whole-genome sequencing data of the custom 

reference panel. Possible causal variants for driving factors of the GWAS association were considered when they met the following 
criteria: (i) risk allele frequency difference between cases and controls exceeding 0.4% (risk allele frequency difference for rs75087725 
= 0.8%), (ii) rs75087725 as the best genotyped GWAS tag for the variant and (iii) minor allele with a risk-increasing effect on ALS. (c) 
No such variant was in LD with rs75087725. (d) LD defined by R

2
 is very sparse. (e) C21orf2 is the only gene in this locus with an 

increased burden of rare nonsynonymous variants in the sequencing data of our custom reference panel, indicating that C21orf2 is 
indeed the ALS risk gene. 
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Supplementary Figure 6 

C21orf2 rare variant burden. 

Summary of the rare (MAF < 0.05) nonsynonymous and loss-of-function mutations in the canonical transcript of C21orf2. Conditioning 
on the SNP found to be associated in the GWAS (rs75087725, p.V58L; gray), there was an increased burden of nonsynonymous and 
loss-of-function mutations among ALS cases (PT5 = 9.2 × 10

–5
, PT1 = 0.01). Odds ratios (calculated by counting alleles in cases and 

controls per stratum, unadjusted for principal components, combined in a Cochran–Mantel–Haenszel test) are 1.63 and 1.48 for T5 and 
T1 burden, respectively. The two loss-of-function mutations observed in cases are colored red. 
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Supplementary Figure 7 

cis-eQTL regional plots for six genome-wide-significant loci. 
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Highlighted are cis-eQTLs acquired from several resources (genes in green) and brain cis-eQTLs (genes in black). Stranded RNA-seq 
data for one fetal brain (3,000-bp sliding window) are shown on a separate track. For the MOBP region, there was an eQTL effect for 
MOBP (P = 7.12 × 10

–18
), but the effect SNP, rs1707953, did not show any association with ALS in our GWAS (P = 0.74). Further 

details of highlighted brain cis-eQTLs and non-brain cis-eQTLs are given in Supplementary Table 10 and the Supplementary Data 
Set. eQTL annotation and LD data are shown only for SNPs present in the 1000 Genomes Project p1v3 CEU population. 
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Supplementary Figure 8 

Polygenic risk scores. 

(a) Polygenic risk score analyses where nine cohorts were used as targets. Best predictions were made when including the six 
genome-wide-significant SNPs from the C9orf72 and UNC13A loci only. (b) Polygenic risk score analyses excluding all variants on 
chromosome 9. Increased polygenic risk score predictions were made when including more variants by lowering the P-value threshold. 
Note that the overall prediction accuracy is lower than when SNPs on chromosome 9 were included. 
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Supplementary Figure 9 

Partitioned heritability excluding candidate loci. 

(a) SNPs in the C9orf72 locus (within 1 Mb of rs3849943 and r
2
 >0.2) were excluded from heritability estimates. (b) SNPs within 1 Mb of 

the top associated SNP and r
2
 >0.2 for all loci exceeding genome-wide significance were excluded for heritability estimates. In both 

instances, most heritability was explained by low-frequency variants (MAF < 0.1). 
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Supplementary Figure 10 

DEPICT biological pathway analysis. 

The top ten terms from Gene Ontology, KEGG and Reactome pathways that are most enriched for genes tagged by SNPs in the 
GWAS are displayed. Different thresholds of significance were used to select SNPs for the DEPICT analyses. The lengths of the bars 
correspond to the nominal significance levels, the black line indicates the P-value threshold of 0.05 and color corresponds to FDR, 
determined by 200 permutations. When all SNPs with a P value <1 × 10

–4 
in the linear mixed-model analysis were included, it identifies 

the Gene Ontology category SNAP receptor (SNARE) activity as the only significantly enriched term after correction for multiple testing. 
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Supplementary Figure 11 

Population outlier removal. 

(a) Example of stratum sNL2 projected onto the first two principal components calculated on HapMap 3 individuals. Individuals of non-
European ancestry (±10 s.d. from the HapMap CEU mean on PC1–PC4) were removed. (b) Subsequent removal of samples deviating 
by more than 4 s.d. from the stratum mean eigenvalues on PC1 and PC2 (HapMap 3). (c,d) Individuals remaining after removing 
population outliers resulting in a homogenous European sample where the Scandinavian individuals (mainly Finnish), as expected, 
depart from the other strata. 
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Supplementary Figure 12 

Population structure of the custom reference panel. 

Individuals projected onto the first two principal components calculated on HapMap 3 individuals. NL, Netherlands; Ir, Ireland; It, Italy; 
No, Norway; Sp, Spain; Sw, Sweden; US, United States. 
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Supplementary Figure 13 

C21orf2 rare variant analysis quality control. 

Quantile–quantile plots for the single-SNV regression of chromosome 21 including the first ten principal components as covariates are 
displayed on the left. Principal-components plots for each stratum are shown on the right. Population stratification was successfully 
corrected for, resulting in well-behaved burden tests without evidence for overall inflation of the test statistic. 
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Supplementary Figure 14 

Genetic relationship matrix distribution. 

(a) Diagonal values of the SNP-based GRM. (b) Distribution of the off-diagonal values representing the relatedness between samples. 
Pairs of individuals whose relatedness exceeded 0.05 were excluded from the heritability estimations. GRM, genetic relationship matrix. 
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Supplementary Note 
Custom reference panel sequencing and quality control 

Whole genome sequencing 

ALS cases from The Netherlands and population-based controls matched for sex, age and 

geographical region were selected for whole genome sequencing as well as the affected 

individuals of 11 identical discordant twin pairs. All DNA samples were sequenced with 

Illumina’s FastTrack services (San Diego, USA) using PCR free library preparation and 

paired-end (100bp) sequencing on the HiSeq 2500 platform (Illumina®, San Diego, Illumina) 

to yield 35X coverage at minimum. Reads were aligned to the hg19 human genome build 

using BWA alignment software and the Isaac variant caller was used to call single nucleotide 

variants. Quality scores for reference calls were retrieved from genome VCFs (gVCF) and 

variants not passing Isaac’s quality filter were set to missing. 

 

SNV quality control 

In total 75,818,355 SNVs were called. Quality control was performed using PLINK v1.9. 

First multi-allelic and non-autosomal variants were excluded (n = 12,430,295). Subsequently 

SNVs with a call-rate 0.98 (for reference and variant alleles) and those deviating from Hardy-

Weinberg equilibrium (p ≤ 1.0 ×10-4) were removed (n = 23,480,030). Finally singletons (n = 

21,166,529), that are notoriously hard to phase, were excluded. Ultimately, 18,741,501 SNVs 

were included in our ALS-enriched reference panel. 

 

Sample quality control 

Samples discordant for reported and genetically determined gender were excluded (n = 5). 

Comparing genotypes derived from whole genome sequencing and the Illumina2.5M SNP 

array revealed high concordance between both methods (mean 99.3%, SD 2.1%) and very 

little discordant calls (mean 0.03%, SD 0.2%) meaning that most differences were caused by 

missing calls in the sequencing data or SNP-array (mean 0.6%, SD 2.0%). Five individuals 

were removed due to higher sequencing versus SNP-array discordance (> 1.0%). For the 

remaining 1,861 individuals over 98% of the 18,741,510 SNVs were successfully called 

(mean 99.8%). To assess population substructures all individuals were projected along the 

first two principal components calculated on the HapMap3 individuals (Supplementary 
figure 11). Since population diversity will improve imputation accuracy no population 

outliers were removed. Finally, 1,246 ALS cases and 615 healthy controls passed quality 

control and were included in the reference panel. 

Nature Genetics: doi:10.1038/ng.3622



 

 

 

GWAS discovery phase sample ascertainment 
The final number of included cases and controls for this GWAS may differ from the original 

papers due to overlapping cohorts. All cases and controls gave written informed consent and 

the relevant institutional review boards approved this study. 

1. NL1, Population based ALS registry, The Netherlands. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases1. Tertiary referral centers for 

ALS were University Medical Center Utrecht, Academic Medical Centre Amsterdam and 

Radboud University Medical Center Nijmegen. Cases with a family history for ALS were 

excluded. Control individuals were free of any neuromuscular disease and matched for age, 

gender and ethnicity. Healthy controls were either spouses of ALS patients or ascertained 

through a population-based study on ALS in the Netherlands2. All participants were from 

Dutch descent where all four grandparents were born in the Netherlands. More details were 

described previously3. 

2. BE1, University Hospital Gasthuisberg Leuven, Belgium. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases1. Cases with a family history for 

ALS were excluded. Control individuals were free of any neuromuscular disease and matched 

for age, gender and ethnicity. Healthy control individuals were married into families that were 

participating in other genetic studies of neurological diseases. All participants reported 

Flemish descent for at least three generations. More details were described previously4. 

3. NL2, Population based ALS registry, The Netherlands. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases1. Tertiary referral centers for 

ALS were University Medical Center Utrecht, Academic Medical Centre Amsterdam and 

Radboud University Medical Center Nijmegen. Cases with a family history for ALS were 

excluded. Control individuals were free of any neuromuscular disease and matched for age, 

gender and ethnicity ascertained through a population based study on ALS in the 

Netherlands2. Additional controls were included from a genome-wide association study on 

schizophrenia; these were healthy individuals without a psychiatric history. All participants 

were from Dutch descent where at least three out of four grandparents were born in the 

Netherlands. More details were described previously4.  
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4. SW1, Umeå University ALS clinic, Sweden. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases1. Cases with a family history for 

ALS were excluded. Control individuals were free of any neuromuscular disease and matched 

for age, gender and ethnicity. Healthy controls were spouses of ALS patients or patients with 

other neurological diseases. All participants were from Swedish descent all reporting 

Northern Swedish citizenship for at least three generations. More details were described 

previously4. 

5. NL3, Rotterdam Study, Erasmus University Medical Centre Rotterdam, The Netherlands. 

Healthy controls were participants in the Rotterdam Elderly study. This is a prospective 

population based study among elderly living in Ommoord, Rotterdam. All healthy controls 

are 55 years or older. More details were described previously5. 

6. FR1, Hôpitaux de Paris, Hôpital de la Salpêtrière Paris, France. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria1. Cases with a positive family history for ALS were excluded. Controls were healthy 

individuals ascertained in France. More details were described previously6. 

7. UK1, Institute of Psychiatry, King’s College London, United Kingdom. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases1. Cases with a positive family 

history for ALS were excluded. Control samples were collected from neurologically normal, 

unrelated individuals, either spouses of ALS patients, carers or blood donors from the same 

geographical region. More details were described previously6. 

8. US1, Massachusetts General Hospital Boston and Emory University Hospital Atlanta, 

United States of America. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases1. Cases with a positive family 

history for ALS were excluded. Control samples were healthy volunteers from Boston or 

spouses of ALS patients. Additional healthy control samples were purchased from the Coriell 

Institute for Medical Research. More details were described previously6. 

9. IR1, Population based ALS registry, Ireland. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases at Beaumont Hospital in 
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Dublin1. Patients were referred from all regions in Ireland and were part of an ongoing 

population-based prospective ALS registry. Original ascertainment criteria excluded patients 

with a self-reported family history of ALS; post-hoc detailed family history review revealed 

that 4.07% of patients in fact had a family history of ALS, defined as a first, second or third 

degree relative with ALS or FTD. Control samples were healthy individuals matched for 

gender and age. They were either spouses or those accompanying patients to the ALS clinic. 

All individuals reported Irish ancestry for at least three generations. More details were 

described previously7. 

10. IR2, Population based ALS registry, Ireland. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases Beaumont Hospital in Dublin1. 

Patients were referred from all regions in Ireland and were part of an ongoing population-

based prospective ALS registry. 19.44% of ALS patients in the cohort had a family history of 

ALS, defined as a first, second or third degree relative with ALS or FTD. Control samples 

were healthy individuals matched for gender and age. They were either spouses or those 

accompanying patients to the ALS clinic. All individuals reported Irish ancestry for at least 

three generations. More details were described previously8. 

11. UK2, UK Biobank for Motor Neuron Disease Research, United Kingdom. 

Cases were diagnosed with ALS in one of 20 UK hospitals by neurologists specialized in 

motor neuron diseases. Patients had no family history for ALS. The all participated in the UK 

National Biobank for Motor Neuron Disease Research. Patients had no family history for 

ALS and were of self-reported European descent. More details were described previously9. 

12. US2, Coriell Institute for Medical Research, United States of America. 

Controls were healthy individuals obtained from the NINDS Neurogenetics repository at the 

Coriell Institute for Medical Research. More details were described previously10. Data were 

accessed via the dbGaP (phs000101.v3.p1, phg000018v2). 

13. US3, Coriell Institute for Medical Research, United States of America. 

All cases were diagnosed with probable, probable lab supported or definite ALS according to 

the revised El-Escorial Criteria11. Patients were diagnosed at different sites throughout the 

United States of America. Patients with a family history of ALS were excluded. More details 

were described previously12. Data were accessed via dbGaP (phs000101.v3.p1, 

phg000073v1). 

Nature Genetics: doi:10.1038/ng.3622



 

 

14. IT1, Population based registry (PARALS), Italy. 

All cases were diagnosed with probable, probable lab supported or definite ALS according to 

the revised El-Escorial Criteria11. Both patients with and without a positive family history for 

ALS were included. Patients were ascertained through a population-based registry in the 

northwestern Italy (PARALS). More details were described previously13. Data were accessed 

via dbGaP (phs000101.v3.p1, phg0001161v1). The number of cases differ from that reported 

due to sample overlap with other cohorts accessed via dbGaP. 

15. IT2, Coriell Institute for Medical Research, United States of America. 

Cases were obtained from the NINDS Neurogenetics repository at the Coriell Institute for 

Medical Research. They were diagnosed with probable, probable lab-supported or definite 

ALS according to the revised El-Escorial Criteria11. The patients had no family history for 

ALS and were white non-Hispanic individuals. More details were described previously10. 

Data were accessed via dbGaP (phs000101.v3.p1, phg000073v1). 

16. UK3, Wellcome Trust Case Control Consortium UK National Blood Service, United 

Kingdom. 

Healthy controls were obtained from the WTCCC National Blood Service control group. 

Controls were blood donors from England and North Wales. More details are provided at 

www.wtccc.org.uk. 

17. UK4, Wellcome Trust Case Control Consortium 1958 Birth Cohort, United Kingdom. 

Healthy controls were obtained from the WTCCC 1958 Birth Cohort control group. Control 

individuals are part of a population-based cohort that included individuals born in a single 

week in 1958 in England, Scotland and Wales. More details are provided at 

http://www2.le.ac.uk/projects/birthcohort/1958bc and www.wtccc.org.uk. 

18. US4, Coriell Institute for Medical Research, United States of America. 

Controls were elderly obtained from the NINDS Neurogenetics repository at the Coriell 

Institute for Medical Research. Individuals were non-Hispanic whites from the United States. 

They were age matched to a previous case cohort in Parkinson’s disease. More details were 

described previously14. Data were accessed via dbGaP (phs000126.v1.p1, phg000022.v1.p1) 

19. US5, The NeuroGenetics Research Consortium (NGRC), United States of America. 

Controls were volunteers or spouses of individuals with Parkinson’s disease. All individuals 

were healthy and free of neurodegenerative diseases. They were self-reported of European 
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descent. More details were described previously15. Data were accessed via dbGaP 

(phs000196.v1.p1, phg000066.v1.p1) 

20. FIN1, Population-based cohort, Finland. 

Controls were obtained from a population-based study of the elderly in Finland. All 

individuals were Finnish citizens and not demented at the age of 85 years. More details were 

described previously16,17. Data were accessed via dbGaP (phs000344.v1.p1, phg000129.v1.p1) 

21. FIN2, Helsinki University Central Hospital, Finland. 

Cases were diagnosed with ALS according to the 1994 El-Escorial criteria by a neurologist 

specialized in motor neuron diseases1. Individuals were referred to the specialized ALS clinic 

from throughout Finland. Both patients with and without a family history for ALS were 

included. More details were described previously16. Data were accessed via dbGaP 

(phs000344.v1.p1, phg000129.v1.p1) 

22. FIN3, Population-based cohort, Finland. 

Controls were obtained from a population-based study of elderly in Finland. All individuals 

were Finnish citizens and not demented at the age of 85 years. More details were described 

previously16,17. Data were accessed via dbGaP (phs000344.v1.p1, phg000129.v1.p1) 

23. IT3, Italian Consortium for the Genetics of ALS (SLAGEN), Italy. 

Cases and controls were collected by the Italian Consortium for the Genetics of ALS 

(SLAGEN) including six different neurological hospitals in Italy (IRCCS Istituto Auxologico 

Italiano Milano, IRCCS Istituto Neurologico Besta Milano, IRCCS Mondino, Pavia, 

Università degli Studi del Piemonte Orientale “Amedeo Avogadro” Novara, IRCCS Ospedale 

Maggiore Policlinico, Milano, Università degli Studi di Padova). All cases were diagnosed 

with probable or definite ALS according to the revised El-Escorial Critera11. Cases had no 

family history for ALS. Control samples were healthy blood donors collected via the Istituto 

Auxologico Italiano. More details were described previously18. 

 

24. FR2, 3C study, Population-based French controls, France 

Controls were part of the Three-City (3C) Study in France. This is a population-based study 

in the cities Bordeaux, Dijon and Montpellier on the relation between vascular diseases and 

dementia in persons aged 65 years and older.  Controls were free of any neurological 

disease. More details were described previously19. 
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25. GER1, PopGen, Population-based German controls, Germany 

Controls were selected form the PopGen biobank. These were population-based controls 

ascertained in Northern Germany and were free of any neurological disease. More details 

were described previously20. 

26. NL4, Population based ALS registry, The Netherlands. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases11. Both cases with and without a 

family history for ALS were included. Tertiary referral centers for ALS were University 

Medical Center Utrecht, Academic Medical Centre Amsterdam and Radboud University 

Medical Center Nijmegen. Both patients with and without a family history for ALS were 

included. Control individuals were free of any neuromuscular disease and matched for age, 

gender and ethnicity ascertained through a population based study on ALS in the 

Netherlands2. 

27. GER2, Hannover Medical School and University of Wuerzburg, Germany. 

Hannover. Patients were diagnosed with possible, probable or definite ALS according to the 

revised El-Escorial criteria11. They were seen by neurologists specialized in motor neuron 

diseases at the ALS outpatient clinic at Hannover Medical School. 

Wuerzburg. Patients were diagnosed with probable or definite ALS according to the revised 

El-Escorial criteria11. Both patients with and without a family history for ALS were included. 

Healthy controls were obtained at the Department of Transfusion Medicine and 

Immunohematology at the University of Wuerzburg. 

28. IT4, Population based ALS registries (SLALOM and SLAP), Italy. 

Patients were diagnosed with possible, probable or definite ALS according to the revised El-

Escorial criteria11. They are population-based cases from the Piemonte and Valle d'Aosta 

register(PARALS). Both patients with and without a family history for ALS (one first degree 

relative or two second/third degree relatives) were included. Control subjects were healthy 

individuals free of neuromuscular diseases, matched for age, gender and geographical region 

(Piemonte registry). 

29. PU1, University of Lisbon, Portugal. 

Patients were diagnosed with possible, probable or definite ALS according to the revised El-

Escorial criteria11 by neurologists specialized in motor neuron diseases. Both cases with and 

without a family history (third degree relatives) were included. Control subjects were spouses 

or those accompanying patients to the clinic. 
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30. SP1, University of Madrid, University of Barcelona, Spain. 

Patients were diagnosed with possible, probable or definite ALS according to the revised the 

El Escorial criteria11. They were seen by neurologists specialized in motor neuron diseases at 

the ALS Clinic of the Hospital Carlos III in Madrid and Motor Neuron Diseases Clinic at the 

Hospital de la Santa Creu i Sant Pau in Barcelona. Patients did not have a family history for 

ALS.  Control samples were healthy individuals, free of neuromuscular disease, matched for 

gender and age. They were spouses and, when not possible, political relatives or those 

accompanying patients to the ALS clinic. 

31. SWISS1, Kantonsspital St. Gallen, Switzerland. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases11. All patients were diagnosed at 

tertiary referral centers. Patients had no family history for ALS. Control samples were aged-

matched healthy blood donors and primary care givers of ALS patients. 

32. BE2, University Hospital Gasthuisberg Leuven, Belgium. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases11. Both patients with and 

without a family history for ALS were included. Control individuals were spouses 

accompanying patients to the University Hospital Gasthuisberg in Leuven Belgium. More 

details were described previously21. 

33. FIN4, ALS clinics, Finland (via Umeå University, Sweden) 

Patients were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria11 by neurologists that were members of clinical ALS teams throughout Finland. Both 

patients with and without a family history for ALS were included. Ascertainment was 

coordinated at Umeå University, Sweden. All participants were of Finnish descent. 

34. IR3, Population based ALS registry, Ireland. 

Cases were diagnosed with possible, probable or definite ALS according to the revised El-

Escorial Criteria11 by neurologists specialized in motor neuron diseases at Beaumont Hospital 

in Dublin. Patients were referred from all regions in Ireland and were part of an ongoing 

population-based prospective ALS registry. 12.92% of ALS patients in the cohort had a 

family history of ALS, defined as a first, second or third degree relative with ALS or FTD. 

Control samples were healthy individuals matched for gender and age. They were either 

spouses, those accompanying patients to the ALS clinic or neurologically healthy individuals 

sampled from across Ireland. 
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35. SW2, ALS clinics, via Umeå University, Sweden. 

Patients were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria11 by neurologists that were members of clinical ALS teams throughout Sweden. 

Ascertainment was coordinated at Umeå University, Sweden. Both cases with and without a 

family history for ALS were included. Control individuals were free of any neuromuscular 

disease and matched for age, gender and ethnicity. Healthy controls were spouses of ALS 

patients or patients with other neurological diseases (migraine, epilepsy etc.). All participants 

were of Swedish descent for at least three generations. 

36. US6, University of California Los Angeles, United States of America. 

Cases were identified at the ALS clinical centers of University of California Los Angeles and 

University of California San Francisco. Patients fulfilled the El-Escorial Criteria11 for definite 

or probable ALS. Patients had no family history for ALS or FTD. Control participants were 

population-based individuals. 

37. GER3, University of Ulm, Germany. 

Cases were identified at the ALS clinical center at the Ulm University. All patients were 

diagnosed according to the EFNS Consensus criteria22. Patients with and without a family 

history of ALS were included. 

38. FR3, Paris and Tours, France. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases at the ALS National Reference 

Center of Pitié-Salpêtrière Hospital (Paris). Additional cases were diagnosed with probable or 

definite ALS according to the 1994 El-Escorial Criteria1 by neurologists specialized in motor 

neuron diseases in the ALS Center of the Regional Hospital of Tours. Both patients with and 

without a family history for ALS were included. 

 

39. US7, Massachusetts General Hospital, Boston, Emory University, Atlanta and the Penn 

ALS Center, University of Pennsylvania, United States of America. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron disease11. Cases were of self-reported 

European-American descent. Ascertainment was coordinated from. Researchers from Boston 

(Massachusetts General Hospital) and Atlanta (Emory University) coordinated the 

ascertainment. Additional cases were ascertained through an integrated clinical database at the 

Penn ALS Center of the University of Pennsylvania. These patients were diagnosed with ALS 
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according to the El-Escorial Criteria11 by neurologists specialized in motor neuron diseases. 

Both patients with and without a family history for ALS were included. More details were 

described previously23. 

40. UK5, UK Biobank for Motor Neuron Disease Research, United Kingdom. 

Cases were diagnosed with ALS in one of 20 UK hospitals by neurologists specialized in 

motor neuron diseases. They all participated in the UK National Biobank for Motor Neuron 

Disease Research. Patients had no family history for ALS and were of self-reported European 

descent. 

41. NL5, Population based ALS registry, The Netherlands. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases11. Tertiary referral centers for 

ALS were University Medical Center Utrecht, Academic Medical Centre Amsterdam and 

Radboud University Medical Center Nijmegen. Both cases with and without a family history 

for ALS were included. Control individuals were free of any neuromuscular disease and 

matched for age, gender and ethnicity ascertained through a population based study on ALS 

in the Netherlands2. 

 

GWAS replication phase sample ascertainment 

1.  Sydney, Australia 

Patients and controls were ascertained from Macquarie Neurology at Macquarie University, 

Sydney, neurogenetic clinics at Concord Hospital, Sydney, as well as the Australian MND 

DNA bank.  Patients were diagnosed with definite or probable ALS according to the revised 

El-Escorial Criteria11. Patients with a family history for ALS were excluded. Control subjects 

were healthy individuals free of neuromuscular diseases. 

2.  University Hospital Gasthuisberg Leuven, Belgium. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases11. Both patients with and 

without a family history for ALS were included. Control individuals were spouses 

accompanying patients to the University Hospital Gasthuisberg in Leuven Belgium. 

3. University Hospital Tours, France. 

Cases were diagnosed with probable or definite ALS according to the 1994 El-Escorial 

Criteria by neurologists specialized in motor neuron diseases in the ALS Center of the 
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Regional University Hospital of Tours1. Both patients with and without a family history for 

ALS were included. Control individuals were free of any neuromuscular disease. 

4. Jena, Germany 

Patients were diagnosed with possible, probable or definite ALS according to the revised El-

Escorial Criteria by neurologists specialized in motor neuron diseases at Hans-Berger-

Department of Neurology, University Hospital Jena11. Both cases with and without a family 

history of ALS were included. Control samples were healthy individuals. 

5. Population based ALS registry, Ireland. 

Cases were diagnosed with possible, probable or definite ALS according to the revised El-

Escorial Criteria by neurologists specialized in motor neuron diseases at Beaumont Hospital 

in Dublin.11 Patients were referred from all regions in Ireland and were part of an ongoing 

population-based prospective ALS registry. Both cases with an without a family history for 

ALS were included. Control samples were healthy individuals matched for gender and age. 

They were either spouses or those accompanying patients to the ALS clinic. 

 

6. Population based ALS registries, Italy. 

Patients were diagnosed with possible, probable or definite ALS according to the revised El-

Escorial criteria11. They were seen by neurologists specialized in motor neuron diseases at 

tertiary referral centers throughout Italy. Both cases with and without a family history for 

ALS were included. Control subjects were healthy individuals free of neuromuscular diseases, 

matched for age, gender and geographical region (Piemonte and Puglia only) within Italy. 

 

7. Population based ALS registry, The Netherlands. 

Cases were diagnosed with probable or definite ALS according to the revised El-Escorial 

Criteria by neurologists specialized in motor neuron diseases11. Tertiary referral centers for 

ALS were University Medical Center Utrecht, Academic Medical Centre Amsterdam and 

Radboud University Medical Center Nijmegen. Both cases with and without a family history 

for ALS were included. Control individuals were free of any neuromuscular disease and 

matched for age, gender and ethnicity ascertained through a population based study on ALS 

in the Netherlands2. 

 

8. Population based ALS registry, Turkey 

Patients were diagnosed with ALS possible, probable or definite ALS according to the revised 

El-Escorial Criteria by neurologists specialized in motor neuron diseases at the Boğaziçi 
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University in Istanbul, Turkey11. Cases with a positive family history for ALS were excluded. 

Control samples were healthy individuals without any known history of neurological 

disorders collected from the Microbiology Department of Haydarpaşa State Hospital in 

Istanbul. 

 

GWAS quality control 

Quality control (QC) was first performed per cohort to remove low quality SNPs and 

individuals using PLINK 1.9. SNPs were first annotated according to dbSNP137 and mapped 

to the hg19 reference genome. Subsequently, multi-allelic and AT/CG SNPs were removed as 

well as SNPs with a call-rate < 98%, < 10 minor allele observations per cohort, biased 

missingness as determined by haplotype and non-autosomal SNPs. Individuals with gender 

mismatches or an excessive number of heterozygous SNPs (F < -0.2) were removed. To 

check strand inconsistencies or annotation errors, allele frequencies between each cohort were 

compared to those observed in the European population represented in 1000GP. The number 

of SNPs and individuals failing each QC step within each cohort are described in 

Supplementary Table 2. Considering the low number of overlapping SNPs between all 

different platforms (n = 48,229), cohorts and the presence of cohorts with cases only or 

controls only, cohorts were combined based on reported nationality and genotyping platform. 

Quality control per stratum included removal of SNPs that deviated from Hardy-Weinberg 

equilibrium (p < 1 × 10-5 and p < 1 × 10-9 in controls and cases respectively) and those with 

biased missingness between cases and controls (p < 1 × 10-3). Subsequently, related and 

duplicate individuals across all strata (pi-hat > 0.1) were removed. Individuals were projected 

along the first four principal components (PC) calculated on HapMap3 individuals using 

EIGENSTRAT. Population outliers, defined as deviation > 10SD from the HapMap CEU 

population mean on PCs 1-4 or > 4SD from its stratum mean on PC1-2, were removed. After 

removing population outliers, PCs were recalculated on a LD-pruned set of SNPs for each 

stratum and again outliers (> 5SD on PC1-4) were removed. The procedure for removing 

outliers, using PCs and its results are summarized in Supplementary Figure 12. After 

removing all outliers, PCs were again recalculated. Based on scree plots per stratum the 

eigenvectors for the first 1-4 PCs were included in the logistic regression. To calculate 

genomic inflation factors per stratum, the test statistic’s empirical quantiles were obtained 

applying logistic regression in an additive model. The number of SNPs and individuals failing 

each QC step across all strata are displayed in Supplementary Table 3. 

 

Genotyping experiments in replication phase 
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TaqMan assay (rs75087725 and rs616147) 

The reaction mix included 1.0 μl of genomic DNA (10 ng/μl), 0.25 μl TaqMan genotyping 

assay 20X (Life Technologies), 2.5 μl MasterMix 2X (Life Technologies) and 1.25 ul MilliQ. 

The thermocycler program included 30 sec at 60˚C, 10 min at 95˚C followed by 40 cycles of 

15 sec at 95˚C and 1 min at 60˚C and a final step of 30 sec at 60˚C. Fluorescent signals were 

analyzed on a QuantStudio 6 Flex Real-Time PCR System and genotypes were determined by 

allelic discrimination using QuantStudio 6 Flex Real-Time PCR System Software (Life 

Technologies).  

 

Sanger sequencing (rs10139154 and rs7813314) 

The oligonucleotide primers were used for amplification (Supplementary Table 7). PCR 

reactions consisted of 1.0 μL genomic DNA (50 ng/μl), 1.0 μL 10xNH4 reaction buffer, 0.2 

μL dinucleotide triphosphate (dNTP; 10mM each), 0.3 μL  MgCl2 (50mM), 0.1 μL  Biotaq 

(5U/μL), 7.0 μL milli-Q, 0.2 μL of each primer (10 μM) in a total volume of 10 μL. The 

thermocycler program included initialization of 3 min at 96˚C followed by 35 cycles of 30 sec 

at 96˚C, 45 sec at 57˚C and 1 min at 72˚C and a final step of 5 min at 72˚C.  The PCR 

products were electrophoresed in 1.2-1.5% agarose gel containing 0.02‰ Ethidium Bromide 

and visualized using a Proxima AQ 4.2 Imager. Based on initial sequencing results, the 

reverse primer was used for analysis of both loci. The thermocycler program for sequencing 

consisted of 1 min at 96˚C followed by 25 cycles of 10 sec at 96˚C, 5 sec at 50˚C and 4 min at 

60˚C. Sequencing was performed on an Applied Biosystems 3730 DNA-Analyzer using 

BigDye Terminator 3.1 sequencing kit (Applied Biosystems). 

 

Cases and controls were randomly assigned on plates and experimenters were blinded for 

case-control status when calling genotypes. 

 

Rare variant association analysis for C21orf2 

Data merging 

For burden testing in the C21orf2 locus, cases and controls were available from the following 

collection sites: the Netherlands (N = 2,089), Belgium (N = 421), Ireland (N = 386), the 

United Kingdom (N = 687), and the United States (N = 393). Samples were received as 

individual-level genome VCF (gVCF) files containing single nucleotide variants (SNVs) and 

insertions/deletions (indels). The gVCF files were merged together by cohort using the 

Illumina aggregation (“agg”) tool available on GitHub (https://github.com/Illumina/agg). The 

agg tool ensures that all samples in a given cohort were genotyped at the union of all sites 
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observed across all samples. The resulting file is a (per-chromosome) VCF file that contains 

only those sites where at least one non-reference allele is observed in the set of cases and 

controls. 

 

Sample quality control 

Sample and site QC were performed using PLINK1.9 and the most recent version of 

VCFtools. After the samples within each cohort had been merged into per-chromosome VCF 

files, we removed all sites with a quality (QUAL) score < 30. Genotypes with a genotype 

quality < 10 were set to missing on an individual-level basis. We then checked all samples for 

missingness across the autosomal chromosomes; all samples had missingness < 10% and thus 

no samples were excluded at this point in QC. Principal components were calculated on a set 

of LD-pruned (R2 > 0.2) high-quality sites (MAF > 0.1, call-rate > 99.9%, not A/T or C/G, 

biallelic, outside the MHC, LCT locus and inversions on chromosome 8 and 17). All cases 

and controls were projected on to the reference HapMap3 populations using EIGENSTRAT. 

Individuals not of European ancestry (using the European populations in HapMap 3 as a 

reference) were removed from the analysis. The cleaned principal component plots are 

displayed in Supplementary figure 13. Using this same set of high-quality SNPs, we also 

removed samples with excessively high or low inbreeding coefficients (further than 3 

standard deviations from the mean of the inbreeding coefficient distribution in the cohort). A 

single individual, preferably cases or those with the lowest overall missingness, from each 

related pair (pi-hat > 0.125, indicating a cousin relationship or closer) was removed. Finally, 

we checked the average depth of coverage across each of the samples; all samples looked 

appropriately covered (within 6 SD of the mean of the average depth distribution) and no 

sample was removed at this step. 

 

Site quality control 

We then performed site QC on sites on chromosome 21 only (as this is the chromosome 

containing the C21orf2 locus). All sites with missingness < 5% or with an average read depth 

< 5 or > 50 were removed from the analysis. Sites out of Hardy-Weinberg in controls (p < 10-

6) or with excessive differential missingness between cases and controls (p < 10-6) were also 

removed. Once sample and site QC was complete, the following samples were available for 

burden testing: 

(a) The Netherlands: 1275 cases, 677 controls 

(b) Ireland: 251 cases, 134 controls 

(c) Belgium: 260 cases, 133 controls 
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(d) United States: 275 cases, 65 controls 

(e) United Kingdom: 501 cases, 129 controls 

 

Functional annotation 

Sites passing QC were functionally annotated using ANNOVAR. All variants with a MAF < 

0.05 that were either non-synonymous or loss of function (stop gain or frameshift indel) were 

kept for burden testing. 

 

Association testing 

Principal components were recalculated per cohort on cases and controls that passed quality 

control. To check that the calculated PCs appropriately corrected for population stratification, 

we ran single-variant analysis (per cohort) on all of chromosome 21 using logistic regression 

and including the top ten principal components as covariates. We plotted quantile-quantile 

plots of the results and checked the genomic inflation factor for signs of population 

stratification. The data looked appropriately distributed (highest lambda = 1.06, in the 

Netherlands cohort) and thus we proceeded to burden testing in C21orf2 (Supplementary 

Figure 13). 

Per cohort, we extracted all non-synonymous and loss of function variants in C21orf2 with 

MAF < 5% for burden testing. Burden tests were corrected with the top ten principal 

components as covariates. Burden testing was performed using ScoreSeq, which performs 

five burden tests: T1, T5, Frequency-weighted (also called the Madsen-Browning test), 

SKAT, and EREC. The first three tests assume the same direction of effect of all variants 

across a given locus. The last two tests allow for multiple directions of effect in the same 

locus. We set the software to perform 1 million permutations to evaluate significance of the 

burden test. Subsequently, these results were meta-analyzed using MASS, the companion 

software to ScoreSeq. 

 

eQTL analysis 

Linkage disequilibrium data and cis-eQTLs for different tissues were acquired from SNiPA 

webtool (http://snipa.helmholtz-muenchen.de/snipa/, accessed 28.03.2016)24, using 1000G 

p1v3 for European population and ENSEMBL v80 genome annotations. Brain cis-eQTLs 

were manually curated from several brain eQTL studies (Supplementary Table 7)25-36. 

Additionally, cis-eQTLs effects observed in non-brain tissues were described for all SNPs 

within the genome-wide significant loci36-40. For BRAINEAC database, cis-eQTLs were 
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queried for SNP-gene combinations locating in the suggestive GWAS loci (LMM, p < 10-4), 

as defined by DEPICT (v139, R2 > 0.5).  

Stranded RNA-seq tracks were acquired from Epigenome Roadmap Project data portal 

(http://egg2.wustl.edu/roadmap/web_portal/) for one fetal brain41. 
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Supplementary Tables 
Supplementary Table 1: Description of cohorts  

Cohort Name Country Cases Controls Platform 
1 NL1 The Netherlands 461 450 Illumina317K 
2 BE1 Belgium 311 371 Illumina370K 
3 NL2 The Netherlands 582 629 Illumina370K 
4 SW1 Sweden 493 500 Illumina370K 
5 NL3 The Netherlands 0 5,974 Illumina550K 
6 FR1 France 251 724 Illumina317K 
7 UK1 United Kingdom 245 221 Illumina317K 
8 US1 United States 753 811 Illumina317K 
9 IR1 Ireland 221 211 Illumina550K 
10 IR2 Ireland 103 127 Illumina610K 
11 UK2 United Kingdom 661 0 Illumina550K 
12 US2 United States 0 527 Illumina550K 
13 US3 United States 276 0 Illumina550K 
14 IT1 Italy 141 0 Illumina610K 
15 IT2 Italy 261 246 Illumina550K 
16 UK3 United Kingdom 0 2,501 Illumina1M 
17 UK4 United Kingdom 0 2,699 Illumina1M 
18 US4 United States 0 867 Illumina370K 
19 US5 United States 0 1,986 Illumina1M 
20 FIN1 Finland 0 201 Illumina370K 
21 FIN2 Finland 401 191 Illumina370K 
22 FIN3 Finland 0 103 Illumina1M 
23 IT3 Italy 1,792 1,107 Illumina660W 
24 FR2 France 0 1,100 Illumina550K 
25 GER1 Germany 0 677 Illumina550K 
26 NL4 The Netherlands 1,226 2,262 IlluminaOmniExpress 
27 GER2 Germany 580 286 IlluminaOmniExpress 
28 IT4 Italy 311 100 IlluminaOmniExpress 
29 PU1 Portugal 40 54 IlluminaOmniExpress 
30 SP1 Spain 105 63 IlluminaOmniExpress 
31 SWISS1 Switzerland 228 236 IlluminaOmniExpress 
32 BE2 Belgium 225 250 IlluminaOmniExpress 
33 FIN4 Finland 144 0 IlluminaOmniExpress 
34 IR3 Ireland 268 478 IlluminaOmniExpress 
35 SW2 Sweden 281 271 IlluminaOmniExpress 
36 US6 United States 65 42 IlluminaOmniExpress 
37 GER3 Germany 1,519 0 IlluminaCoreExome 
38 FR3 France 363 0 IlluminaOmniExpress 
39 US7 United States 573 0 IlluminaOmniExpress 
40 UK5 United Kingdom 1,214 14 IlluminaOmniExpress 
41 NL5 The Netherlands 697 619 Illumina2.5M 
Total     14,791 26,898   
New     7,839 4,675   
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Supplementary Table 2: GWAS cohort SNP quality control 

Cohort SNPs  
pre-QC 

SNPs 
unannotated 
(dbSNP 137)  

SNPs 
genotyping 
rate < 0.98 

MAF 
threshold 

SNPs  
MAF < 
threshold 

SNPs 
biassed 
missingness 

SNPs 
non-
autosomal 

SNPs 
post-
cohortQC 

SNP 
callrate 

1 317,503 2,208 5,454 0.005 181 434 8,797 300,429 0.9993 
2 370,404 30,592 9,648 0.007 6,652 368 9,164 313,980 0.9985 
3 370,404 30,592 2,265 0.004 6,450 685 9,726 320,686 0.9990 
4 370,404 30,592 3,406 0.005 6,544 425 9,610 319,827 0.9990 
5 561,466 4,556 22,125 0.001 14,479 26,506 12,281 481,519 0.9988 
6 307,790 1,952 18,533 0.005 132 584 6,420 280,169 0.9984 
7 307,790 1,952 33,724 0.011 240 230 7,609 264,035 0.9985 
8 307,790 1,952 23,788 0.003 93 2,706 7,708 271,543 0.9985 
9 561,466 3,848 12,332 0.012 24,913 228 12,428 507,717 0.9990 
10 620,901 36,687 4,629 0.022 40,887 0 12,990 525,708 0.9997 
11 584,414 7,613 152 0.008 26,843 139 13,157 536,510 0.9997 
12 561,466 3,832 6,758 0.009 22,256 270 12,647 515,703 0.9992 
13 555,351 4,768 14,891 0.018 27,330 97 12,307 495,958 0.9989 
14 620,901 37,132 8,080 0.035 48,213 0 12,579 514,897 0.9996 
15 555,352 3,870 8,585 0.010 21,179 262 12,587 508,869 0.9991 
16 934,848 22,706 631 0.002 10,891 3,323 26,932 870,365 0.9992 
17 934,010 22,904 566 0.002 10,975 3,503 26,918 869,144 0.9991 
18 344,301 4,973 6,891 0.006 5,811 564 9,501 316,561 0.9988 
19 1,012,895 268,736 3,118 0.003 71,887 1,831 15,562 651,761 0.9996 
20 346,831 6,517 23,484 0.025 9,202 0 9,008 298,620 0.9983 
21 345,111 4,948 2,849 0.008 7,703 159 9,419 320,033 0.9995 
22 1,199,187 86,910 26,923 0.049 25,8479 0 23,359 803,516 0.9994 
23 545,914 3,085 6,472 0.002 10,565 4,110 0 521,682 0.9995 
24 582,892 7,360 23,900 0.005 24,825 1,319 11,801 513,687 0.9987 
25 561,466 3,756 13,268 0.007 22,195 830 12,505 508,912 0.9989 
26 719,665 8,463 19,197 0.001 55,899 9,179 14,261 612,666 0.9993 
27 719,665 8,333 13,478 0.006 68,044 1,236 14,281 614,293 0.9996 
28 719,665 8,333 6,673 0.012 74,986 252 14,477 614,944 0.9997 
29 719,665 7,252 15,662 0.053 12,1072 0 4,905 570,774 0.9998 
30 719,665 7,798 11,024 0.030 91,290 0 13,810 595,743 0.9997 
31 719,665 7,252 23,449 0.011 74,919 598 13,376 600,071 0.9996 
32 719,665 7,429 2,760 0.011 76,744 152 14,679 617,901 0.9996 
33 719,665 7,429 6,104 0.035 107,408 0 13,402 585,322 0.9997 
34 719,665 7,429 2,327 0.007 73,839 338 14,828 620,904 0.9998 
35 719,665 7,429 8,392 0.009 75,575 415 14,465 613,389 0.9997 
36 964,193 252,092 2,402 0.047 107,033 0 13,826 588,840 0.9996 
37 529,948 273,756 2,743 0.003 9,946 680 6,652 236,171 0.9995 
38 730,525 9,899 23,081 0.014 76,288 263 14,172 606,822 0.9994 
39 730,525 9,899 21,804 0.009 71,357 662 14,418 612,385 0.9995 
40 730,525 9,899 19,986 0.004 64,667 2,533 14,813 618,627 0.9993 
41 2,391,739 109,675 62,083 0.004 702,535 5,961 30,024 1,481,461 0.9987 
 

Nature Genetics: doi:10.1038/ng.3622



 

 

Supplementary Table 3: GWAS cohort individual quality control 

Cohort Inidividuals 
pre-QC 

Individuals 
genotyping 
rate < 0.98 

Individuals 
|F| > 0.2 

Individuals 
Gender 
mismatch 

Cases 
post-
cohortQC 

Controls 
post-
cohortQC 

Observed 
MAF vs 
1KG (r2) 

1 911 26 0 3 444 438 0.982 
2 682 38 0 8 305 331 0.984 
3 1,211 9 0 5 582 615 0.983 
4 993 1 0 20 483 489 0.974 
5 5,974 20 0 3 0 5,951 0.987 
6 975 76 0 4 232 663 0.984 
7 466 122 0 5 174 165 0.981 
8 1,564 169 0 9 660 726 0.987 
9 432 4 0 0 217 211 0.977 
10 230 0 0 1 103 126 0.970 
11 661 0 0 14 647 0 0.986 
12 527 6 0 1 0 520 0.986 
13 276 1 0 0 275 0 0.982 
14 141 1 0 0 140 0 0.955 
15 507 2 0 1 259 245 0.968 
16 2,501 1 0 0 0 2,500 0.987 
17 2,699 11 0 0 0 2,688 0.987 
18 867 4 0 1 0 862 0.987 
19 1,986 0 0 1 0 1985 0.990 
20 201 5 0 1 0 195 0.944 
21 592 11 0 3 393 185 0.947 
22 103 5 0 1 0 97 0.928 
23 2,899 0 0 0 1,792 1,107 0.971 
24 1,100 68 0 2 0 1,030 0.985 
25 677 21 0 1 0 655 0.984 
26 3,488 121 0 23 1,207 2,137 0.988 
27 866 13 0 22 558 273 0.988 
28 411 0 0 6 309 96 0.970 
29 94 0 0 10 39 45 0.940 
30 168 1 0 1 103 63 0.963 
31 464 0 0 14 219 231 0.984 
32 475 6 0 9 215 245 0.985 
33 144 0 0 1 143 0 0.937 
34 746 2 0 6 268 470 0.979 
35 552 0 0 4 279 269 0.977 
36 107 1 0 1 63 42 0.956 
37 1,519 12 0 21 1,486 0 0.987 
38 363 3 0 0 360 0 0.982 
39 573 16 0 7 550 0 0.986 
40 1,228 20 0 1 1,194 13 0.988 
41 1,316 15 0 7 679 615 0.989 
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Supplementary Table 4: GWAS stratum SNP quality control 

Stratum Cohort(s) Name 
SNPs 
pre-
stratumQC 

SNPs 
HWE 
(controls) 
p < 10-5 

SNPs 
HWE 
(cases) 
p < 10-9 

SNPs 
diff. 
missing 
p < 10-3 

SNPs post-
stratumQC 

1 1 sNL1 300,429 61 6 9 300,353 
2 2 sBE1 313,980 68 1 3 313,908 
3 3+5 sNL2 278,421 527 1 1,778 276,115 
4 4 sSW1 319,827 108 5 9 319,705 
5 6 sFR1 280,169 106 0 642 279,421 
6 7 sUK1 264,035 13 0 0 264,022 
7 8+18 sUS1 269,380 195 0 2,393 266,792 
8 9+10 sIR1 490,128 108 2 1 490,017 
9 11+16 sUK2 505,806 478 6 763 504,559 
10 12+13 sUS2 488,366 170 0 0 488,196 
11 14+15 sIT1 474,737 48 8 119 474,562 
12 20+21 sFIN1 291,763 117 6 16 291,624 
13 26 sNL3 612,666 648 4 1,479 610,535 
14 27 sGER1 614,293 56 25 5 614,207 
15 28 sIT2 614,944 14 8 12 614,910 
16 29+30 sIB1 564,171 9 3 0 564,159 
17 31 sSWISS1 600,071 51 1 0 600,019 
18 32 sBE2 617,901 82 0 4 617,815 
19 35 sSW2 613,389 89 0 0 613,300 
20 22+33 sFIN2 437,421 18 2 0 437,401 
21 34 sIR2 620,904 211 1 2 620,690 
22 19+36+39 sUS3 549,833 371 1 3,802 545,659 
23 24+38 sFR2 297,657 153 0 332 297,172 
24 17+40 sUK3 460,024 284 6 7,648 452,086 
25 25+37 sGER2 118,407 13 8 2,961 115,425 
26 23 sIT3 521,682 356 52 1,946 519,328 
27 41 sNL4 1,481,461 14,583 1542 2,775 1,462,561 
* > 10 SD from CEU (PC1-4), > 4 SD from stratum (PC 1-2) 
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Supplementary Table 5: GWAS stratum individual quality control 

Stratum Population 
outliers* 

Individuals 
Duplicated 
pi-hat > 0.9 

Individuals 
Related  
pi-hat > 0.1 

Individuals 
PC-outliers* 

Cases 
post-
stratumQC 

Controls 
post-
stratumQC 

λ(GC) 
Unimputed 

λ(GC) 
Imputed 

1 14 10 11 4 423 420 1.001 1.008 
2 4 5 9 2 299 317 1.004 1.013 
3 79 964 1,040 38 145 4,882 1.011 1.025 
4 21 373 22 0 288 268 1.006 1.020 
5 13 70 0 3 155 654 1.017 1.024 
6 8 0 1 3 168 159 1.015 1.015 
7 21 277 5 8 598 1,339 0.994 1.003 
8 3 10 4 1 308 331 1.001 1.010 
9 25 8 1 0 614 2,687 1.008 1.013 
10 6 4 3 3 266 513 1.007 1.012 
11 0 14 2 2 382 244 1.008 1.020 
12 1 14 2 0 378 378 1.020 1.022 
13 89 392 80 2 952 1,829 1.010 1.012 
14 11 23 13 8 518 258 1.013 1.010 
15 4 11 1 6 290 93 1.006 1.022 
16 14 3 4 4 126 99 1.018 1.044 
17 11 0 11 4 203 221 1.012 1.022 
18 3 1 8 1 205 242 1.003 1.008 
19 7 48 22 4 232 235 1.010 1.017 
20 0 6 2 0 135 97 1.026 1.072 
21 4 20 5 2 264 443 1.001 1.007 
22 45 21 7 5 559 2,003 1.007 1.005 
23 29 10 10 9 327 1,005 1.003 1.000 
24 59 95 13 6 1,032 2,502 1.024 1.015 
25 56 23 11 4 1,399 648 1.000 1.009 
26 8 41 9 51 1,715 1,075 1.015 1.013 
27 56 71 32 6 596 533 1.001 0.998 
* > 5 SD from stratum on PC 1–4
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Supplementary Table 6: rs3849943 details 

  
Stratum information rs3849943 

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 1 0.2636 0.2298 0.1281 1.0000 1.1864 0.119 

sBE1 1 0.2475 0.2524 0.1362 1.0000 0.9761 0.849 

sNL2 1 0.3207 0.2292 0.2738 0.9998 1.5676 8.06×10-4 

sSW1 1 0.2813 0.1977 0.8460 0.9999 1.5511 3.64×10-3 

sFR1 1 0.3458 0.2342 0.5863 0.9978 1.7078 9.60×10-5 

sUK1 1 0.3036 0.2107 0.6294 0.9999 1.6815 0.005 

sUS1 1 0.2416 0.2401 0.5499 0.9999 0.9995 0.996 

sIR1 1 0.2371 0.2221 0.4261 0.9995 1.0905 0.520 

sUK2 1 0.3038 0.2407 0.1130 0.9996 1.3843 6.03×10-6 

sUS2 1 0.2669 0.2359 0.6243 0.9999 1.1859 0.173 

sIT1 1 0.2745 0.2848 0.6382 0.9991 0.9656 0.790 

sFIN1 1 0.2963 0.1667 0.7117 1.0000 2.1011 2.27×10-8 

sNL3 1 0.2589 0.2233 0.2512 1.0000 1.2245 0.002 

sGER1 1 0.2799 0.2229 0.5928 1.0000 1.3566 0.015 

sIT2 1 0.2862 0.2313 0.7714 0.9996 1.3134 0.149 

sIB1 1 0.2778 0.3172 0.1598 0.9981 0.8364 0.389 

sSWISS1 1 0.2537 0.2489 0.3690 0.9997 0.9884 0.944 

sBE2 1 0.2854 0.2314 0.2788 1.0000 1.3042 0.075 

sSW2 1 0.2565 0.1702 0.4949 1.0000 1.6732 0.004 

sFIN2 1 0.2889 0.1701 0.7313 1.0000 2.5689 2.97×10-4 

sIR2 1 0.2728 0.2168 0.5754 0.9996 1.3633 0.016 

sUS3 1 0.2612 0.2319 1.0000 0.9999 1.1331 0.123 

sFR2 1 0.2599 0.2254 0.0458 1.0000 1.1632 0.142 

sUK3 1 0.2650 0.2598 0.6400 0.9998 1.0279 0.647 

sGER2 1 0.2605 0.2277 0.2164 0.9646 1.1095 0.265 

sIT3 1 0.2946 0.2721 0.8776 0.9997 1.1273 0.053 

sNL4 1 0.2500 0.2298 0.0099 1.0000 1.1144 0.252 
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●
rs3849943

0.2
0.4
0.6
0.8

r2

IFT74

TEK

LINC00032

EQTN

MOB3B

IFNK

C9orf72

LINGO2

27.2 27.4 27.6 27.8 28
Position on chr9 (Mb) Odds ratio

0.63 1.00 1.26 2.00 3.16 3.98

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sSWISS1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

meta-analysis:  p = 3.99 x 10-19

LMM:    p = 1.71 x 10-24

I2:    65.9%, p = 7.6 x 10-7

Nature Genetics: doi:10.1038/ng.3622



 

 

Supplementary Table 7: rs12608932 details 

 
 

Stratum information rs12608932 

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 0 0.403 0.376 0.406 1.000 1.119 0.259 

sBE1 0 0.433 0.363 0.003 1.000 1.305 0.016 

sNL2 0 0.407 0.347 0.343 1.000 1.256 0.060 

sSW1 0 0.380 0.317 0.574 1.000 1.334 0.030 

sFR1 0 0.377 0.320 1.000 1.000 1.289 0.054 

sUK1 0 0.384 0.368 0.236 1.000 1.066 0.684 

sUS1 0 0.370 0.330 0.537 1.000 1.188 0.018 

sIR1 0 0.349 0.349 0.116 1.000 1.000 0.998 

sUK2 0 0.371 0.352 0.704 1.000 1.095 0.169 

sUS2 0 0.361 0.314 0.759 1.000 1.213 0.074 

sIT1 0 0.325 0.324 0.143 1.000 0.969 0.804 

sFIN1 0 0.495 0.429 0.675 1.000 1.200 0.089 

sNL3 0 0.378 0.357 0.222 1.000 1.098 0.113 

sGER1 0 0.337 0.333 0.211 1.000 1.016 0.890 

sIT2 0 0.328 0.290 1.000 1.000 1.179 0.354 

sIB1 0 0.389 0.338 0.823 1.000 1.200 0.366 

sSWISS1 0 0.350 0.342 0.101 1.000 0.988 0.938 

sBE2 0 0.380 0.384 0.057 1.000 0.986 0.912 

sSW2 0 0.407 0.402 0.892 1.000 0.976 0.864 

sFIN2 0 0.478 0.402 1.000 1.000 1.282 0.209 

sIR2 0 0.377 0.342 0.526 1.000 1.162 0.188 

sUS3 0 0.352 0.357 0.243 1.000 1.030 0.683 

sFR2 0 0.365 0.327 0.474 1.000 1.168 0.096 

sUK3 0 0.359 0.356 0.632 1.000 1.014 0.800 

sGER2 1 0.367 0.358 0.494 0.537 1.174 0.142 

sIT3 0 0.303 0.295 0.609 1.000 1.051 0.406 

sNL4 0 0.381 0.326 0.075 1.000 1.289 0.005 
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rs12608932

0.2
0.4
0.6
0.8

r2

MYO9B

USE1

OCEL1

NR2F6

USHBP1

BABAM1

ANKLE1

ABHD8

MRPL34

DDA1

ANO8

GTPBP3

PLVAP

BST2

MVB12A

TMEM221

NXNL1

SLC27A1

PGLS

FAM129C

COLGALT1

UNC13A

MAP1S

FCHO1

B3GNT3

INSL3

JAK3

RPL18A

SNORA68

SLC5A5

CCDC124

KCNN1

ARRDC2

IL12RB1

MAST3

17.4 17.6 17.8 18 18.2
Position on chr19 (Mb)

Odds ratio

0.79 0.89 1.00 1.12 1.26 1.41 1.58 1.78 2.00

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sWISS1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

Meta-analysis:  p = 1.74  x 10-8

LMM:     p = 2.69  x 10-10

I2:    0.0%, p = 0.67

Nature Genetics: doi:10.1038/ng.3622



 

 

Supplementary Table 8: rs35714695 details 

  
Stratum information  

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 1 0.162 0.191 0.428 0.992 0.820 0.115 
sBE1 1 0.160 0.210 0.612 0.993 0.706 0.020 
sNL2 1 0.166 0.182 0.336 0.995 0.906 0.541 
sSW1 1 0.152 0.173 0.522 0.995 0.842 0.319 
sFR1 1 0.201 0.187 0.248 0.992 1.098 0.570 
sUK1 1 0.146 0.200 0.609 0.987 0.677 0.065 
sUS1 1 0.165 0.174 0.568 0.978 0.936 0.494 
sIR1 1 0.131 0.161 0.307 0.995 0.792 0.142 
sUK2 1 0.175 0.187 0.799 0.996 0.917 0.300 
sUS2 1 0.158 0.165 0.423 0.989 0.947 0.718 
sIT1 1 0.161 0.199 0.419 0.992 0.703 0.024 
sFIN1 1 0.134 0.150 1.000 0.996 0.919 0.579 
sNL3 1 0.168 0.184 0.349 0.996 0.897 0.148 
sGER1 1 0.165 0.198 1.000 0.993 0.797 0.108 
sIT2 1 0.171 0.143 0.058 0.982 1.248 0.357 
sIB1 1 0.155 0.136 1.000 0.999 1.089 0.755 
sSWISS1 1 0.197 0.181 0.820 0.998 1.175 0.379 
sBE2 1 0.165 0.184 1.000 0.993 0.878 0.463 
sSW2 1 0.155 0.198 0.676 0.995 0.791 0.195 
sFIN2 1 0.137 0.113 0.342 1.000 1.481 0.215 

sIR2 1 0.148 0.179 0.143 0.996 0.805 0.138 
sUS3 1 0.162 0.183 0.297 0.995 0.917 0.363 
sFR2 1 0.179 0.192 0.032 0.991 0.898 0.351 
sUK3 1 0.171 0.188 1.000 0.995 0.890 0.090 
sGER2 1 0.156 0.177 0.787 0.802 0.821 0.100 
sIT3 1 0.162 0.193 0.555 0.987 0.810 0.004 
sNL4 1 0.163 0.193 0.211 0.998 0.817 0.077 

 

 

0

2

4

6

8

10

−
lo

g 1
0(p
−v

al
ue

)

0

20

40

60

80

100 R
ecom

bination rate (cM
/M

b)

●●

●

● ●●
●●

●●●
●
●

● ●●
●

●
●
●
●
●●

●
●

●

●●

●

●●●●

●●

●● ●●●
●
●●

●

●●
●

●
●●●

●

●●
●

●

●● ●

●
●

●
●●

● ●

●
●
●●●●●
●
●●●●

●

●
●●●●●●●

●

●●●●●●●●●●

●

●●●●● ●●
●●●●

●●
●
●
●

●●●●
●
●
●
●●●●
●
●
●
●●●
●
●●●
●
●●●●
●
●
●●●●
●
●●●●
●●●●●●
●

●●●●●●●●
●●●●●●●●●●●
●●●●●●●●●●
●

●●●●
●●●●●●●●●
●●●●●●
●
●
●●●●●●●

●

●●●

●
●
●●
●●●●●●●
●●●
●
●
●

●

●
●●●●

●

●●●●●●●●●

●
●
●

●

●●●●●●●

●

●●●●●●●●●●●●●●●●●●

●

●●

●

●●

●

●

●

●
●
●

●●●●●●●
●

●●
●

●

●●
●●
●●

●●●

●

●●
●

●

●

●

●

●
●

●

●
●
●
●
●

●

●

●

●
●

●

●

●●●
●
●

●

●●●

●
●

●
●
●
●
●
●

●

●●●●

●

●●

●

●

●

●●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●●

●

●●●

●

●●●

●

●●●●●

●

●

●

●

●

●

●

●

●

●
●
●
●●

●

●

●

●
●
●●●
●

●

●

●●●●●●●●
●●●●

●

●

●

●

●

●●

●●

●●●
●

●

●
●

●

●

●

●
●

●●●●●

●

●●

●

●●●●

●●

●●

●
●

●

●

●

●

●

●

●●

●

●●●●●●
●
●●●●●●●●●

●

●●●●●●●●●●

●

●●
●●
●●●

●

●●●●
●
●●●●
●
●
●

●●●

●●●●

●
●●

●

●

●●●
●
●

●
●
●

●

●

●
●
●●●●

●

●
●
●

●

●●

●
●
●●●
●
●

●
●●

●

●
●●●

●

●●

●
●

●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●

●

●

●
●
●
●●●●●●
●●●●
●
●●●

●●

●

●

●●●
●
●●
●
●●●●●●●●●
●
●
●
●●
●●●
●
●●●●●●●●●●●●●●●●●●●●●●
●●
●●●●

●

●●●●●

●●
●●●

●
●

●
●●●●●●●●
●

●

●●●●
●●

●
●
●
●●●
●
●●
●

●

●●
●●●●●●

●●●
●●

●●

●●●
●

●

●●

●●

●
●●
●●

●
●●●
●
●

●
●●
●

●

●

●●●●

●
●
●●

●

●

●

●

●●

●

●

●●

●
●

●

●

●●

●

●

●

●

●●

●

●●

●

●●

●●●

●

●●●●●●

●
●
●●●●●●●●●●●

●

●●●●●
●
●

●●●

●●
●●●

●●

●●●●

●

●●●●

●●
●
●

●
●
●
●
●●●
●●

●●
●●
●●●

●

●●

●

●●●●●

●
●●●●●●●●

●
●
●●●●●
●●
●●●●●●

●●
●●●●●●●●●●●●●●●●

●

●
●

●

●●
●
●

●

●●
●
●●●

●

●●●●●●
●●
●

●●●●●●●●●●●●●●●●●●●
●
●●
●●●●●●●●●●
●●
●●
●
●
●●●
●

●●●●●●●●●●●●●
●●●
●
●●●
●
●●●●●

●
●
●●●●●●●●
●
●●●●●●●●●●●●●●●
●●●●●●
●
●●●●●

●●●
●
●●
●●

●
●
●●
●●●
●
●
●●●
●●

●●
●●●
●

●●
●

●

●
●
●●●●●●
●
●
●

●
●
●

●

●●
●

●
●●
●●●●

●●●

●

●
●●
●
●●●●●●●●●●●●

●
●●●●
●
●

●

●
●

●

●
●

●

●
●●

rs35714695

0.2
0.4
0.6
0.8

r2

3 genes
omitted

LYRM9 NLK

PYY2

PPY2

KRT18P55

TMEM97

IFT20

TNFAIP1

POLDIP2

TMEM199

MIR4723

SEBOX

VTN

SARM1

SLC46A1

SLC13A2

FOXN1

UNC119

PIGS

ALDOC

SPAG5

SPAG5−AS1

SGK494

KIAA0100

SDF2

SUPT6H

PROCA1

RAB34

NARR

RPL23A

SNORD42B

SNORD4A

SNORD42A

SNORD4B

TLCD1

NEK8

TRAF4

FAM222B

ERAL1

MIR451A

MIR451B

MIR144

MIR4732

FLOT2

26.4 26.6 26.8 27 27.2
Position on chr17 (Mb) Odds ratio

0.50 0.63 0.79 1.00 1.26 1.58 2.00 2.51

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sCZ1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

Meta-analysis:  p = 1.29 x 10-8

LMM:    p = 8.96 x 10-11

I2:   0.0%, p = 0.76
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Supplementary Table 9: rs75087725 details 

  

Stratum information rs75087725 

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 1 0.014 0.009 1.000 0.882 1.667 0.302 
sBE1 1 0.018 0.015 1.000 0.875 1.280 0.608 
sNL2 1 0.025 0.014 1.000 0.883 2.012 0.122 
sSW1 1 0.017 0.008 1.000 0.925 2.204 0.169 
sFR1 1 0.028 0.013 1.000 0.834 2.504 0.059 
sUK1 1 0.010 0.019 1.000 0.660 0.351 0.219 
sUS1 1 0.027 0.014 1.000 0.813 2.281 0.003 
sIR1 1 0.012 0.012 1.000 0.795 1.031 0.957 
sUK2 1 0.025 0.014 1.000 0.875 1.879 0.009 
sUS2 1 0.015 0.015 1.000 0.868 1.031 0.950 
sIT1 1 0.012 0.013 1.000 0.755 0.967 0.956 
sFIN1 1 0.032 0.027 0.228 0.959 1.065 0.847 
sNL3 1 0.019 0.013 1.000 0.925 1.514 0.076 
sGER1 1 0.014 0.010 1.000 0.827 1.482 0.475 
sIT2 1 0.019 0.023 1.000 0.842 0.807 0.739 
sIB1 1 0.016 0.027 1.000 0.850 0.483 0.328 
sSWISS1 1 0.025 0.017 1.000 0.882 1.278 0.652 
sBE2 1 0.035 0.022 1.000 0.936 1.684 0.221 
sSW2 1 0.010 0.002 0.891 1.000 - - 
sFIN2 1 0.019 0.034 1.000 0.950 0.611 0.454 

sIR2 1 0.017 0.007 1.000 0.796 2.892 0.068 
sUS3 1 0.018 0.014 1.000 0.864 1.470 0.201 
sFR2 1 0.030 0.016 0.210 0.866 2.133 0.020 
sUK3 1 0.023 0.013 1.000 0.877 1.912 0.002 
sGER2 1 0.016 0.013 1.000 0.758 0.893 0.770 
sIT3 1 0.015 0.008 1.000 0.762 2.533 0.003 
sNL4 1 0.021 0.013 1.000 0.984 1.695 0.120 
* SNP failed imputation QC because of MAF < 0.01 

 

Odds ratio

0.10 0.25 0.63 1.58 3.98 10.00

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sSWISS1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

Meta-analysis:   p = 8.66 x 10-11

LMM:     p = 2.65 x 10-9

I2:    0.0%, p = 0.55
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Supplementary Table 10: functional details for rs75087725 

General info 
 

Functional prediction  ExAC allele frequency 
Chromosome 21 

 
PolyPhen-2 0.015 (Benign)  Finnish 0.026 

Basepair 45753117 
   

 European 0.011 
Gene C21orf2 

 
Conservation scores  Latino 0.003 

SNP rs75087725 
 

PhyloP -0.118  African 0.002 
Mutation p.V58L 

 
PhastCons 0.026  South Asian 0.001 

    
 East Asian 0.000 

Amino-acid conservation 
Human C R S V P E L 
Rhesus C R S V P E L 
Mouse C S R V P E L 
Dog C Q S V P E L 
Zebrafish C S S L H E L 
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Supplementary Table 11: rs75087725 imputation comparison 

Stratum 1000GP imputation  Custom panel imputation 

 MAF INFO Passed QC  MAF INFO Passed QC 
sNL1 0.0077 0.77 0  0.0116 0.88 1 
sBE1 0.0099 0.83 0  0.0167 0.87 1 
sNL2 0.0097 0.76 0  0.0140 0.88 1 
sSW1 0.0049 0.74 0  0.0126 0.92 1 
sFR1 0.0096 0.77 0  0.0160 0.83 1 
sUK1 0.0098 0.66 0  0.0142 0.66 1 
sUS1 0.0130 0.77 1  0.0179 0.81 1 
sIR1 0.0085 0.73 0  0.0120 0.79 1 
sUK2 0.0114 0.81 1  0.0162 0.88 1 
sUS2 0.0127 0.85 1  0.0147 0.87 1 
sIT1 0.0071 0.66 0  0.0126 0.76 1 
sFIN1 0.0270 0.94 1  0.0291 0.96 1 
sNL3 0.0102 0.77 1  0.0149 0.93 1 
sGER1 0.0100 0.76 1  0.0131 0.83 1 
sIT2 0.0147 0.64 1  0.0201 0.84 1 
sIB1 0.0117 0.75 1  0.0204 0.85 1 
sSWISS1 0.0147 0.80 1  0.0204 0.88 1 
sBE2 0.0157 0.73 1  0.0283 0.94 1 
sSW2 0.0042 0.74 0  0.0049 0.89 0 
sFIN2 0.0259 0.94 1  0.0254 0.95 1 
sIR2 0.0058 0.80 0  0.0110 0.80 1 
sUS3 0.0098 0.75 0  0.0148 0.86 1 
sFR2 0.0133 0.77 1  0.0193 0.87 1 
sUK3 0.0098 0.74 0  0.0161 0.88 1 
sGER2 0.0093 0.60 0  0.0154 0.76 1 
sIT3 0.0099 0.72 0  0.0125 0.76 1 
sNL4 0.0109 0.80 1  0.0171 0.98 1 

P (meta-analysis) 3.24 × 10-5  8.65 × 10-11 
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Supplementary Table 12: rs616147 details 

 

 

Stratum information rs616147 

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 1 0.302 0.275 0.086 0.983 1.135 0.223 

sBE1 1 0.320 0.308 0.597 0.975 1.061 0.643 

sNL2 1 0.288 0.268 0.610 0.983 1.082 0.556 

sSW1 1 0.286 0.313 1.000 0.988 0.894 0.420 

sFR1 1 0.316 0.273 0.430 0.982 1.241 0.129 

sUK1 1 0.300 0.252 0.668 0.975 1.297 0.152 

sUS1 1 0.294 0.273 0.679 0.982 1.105 0.200 

sIR1 1 0.291 0.272 0.782 1.000 1.096 0.459 

sUK2 1 0.287 0.261 0.689 1.000 1.141 0.062 

sUS2 1 0.316 0.289 0.160 1.000 1.131 0.278 

sIT1 1 0.341 0.328 0.558 0.999 1.073 0.570 

sFIN1 1 0.323 0.274 0.242 0.987 1.143 0.263 

sNL3 1 0.289 0.281 0.817 1.000 1.047 0.464 

sGER1 1 0.279 0.270 1.000 0.999 1.043 0.722 

sIT2 1 0.342 0.376 0.178 0.998 0.852 0.376 

sIB1 1 0.278 0.242 0.780 0.999 1.197 0.420 

sSWISS1 1 0.293 0.310 1.000 1.000 0.914 0.579 

sBE2 1 0.300 0.279 0.874 0.999 1.107 0.491 

sSW2 1 0.306 0.296 0.754 1.000 1.045 0.779 

sFIN2 1 0.337 0.278 0.456 1.000 1.560 0.047 

sIR2 1 0.258 0.291 0.298 0.999 0.833 0.154 

sUS3 1 0.296 0.274 0.465 0.999 1.091 0.266 

sFR2 1 0.307 0.291 0.939 0.996 1.108 0.303 

sUK3 1 0.282 0.266 0.474 0.999 1.083 0.175 

sGER2 1 0.291 0.259 0.355 0.876 1.040 0.692 

sIT3 1 0.346 0.320 0.944 0.998 1.111 0.077 

sNL4 1 0.292 0.277 0.665 0.999 1.082 0.391 
 

 

  

Odds ratio

0.63 0.79 1.00 1.26 1.58 2.00 2.51

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sSIWSS1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

Meta-analysis:  p = 4.14 x 10−05

LMM:    p = 1.43 x 10−08

I2:   0.0%, p = 0.94
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0.2
0.4
0.6
0.8

r2

WDR48

GORASP1

TTC21A

MIR6822

CSRNP1

XIRP1

CX3CR1

CCR8

SLC25A38

RPSA

SNORA6

SNORA62

MOBP MYRIP

39.2 39.4 39.6 39.8 40
Position on chr3 (Mb)

Nature Genetics: doi:10.1038/ng.3622



 

 

Supplementary Table 13: rs7813314 details 

 
 

Stratum information rs7813314 

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 1 0.080 0.092 0.065 0.995 0.871 0.420 

sBE1 1 0.100 0.097 0.752 0.963 1.029 0.883 

sNL2 1 0.096 0.100 0.425 0.941 0.976 0.905 

sSW1 1 0.090 0.095 0.709 0.982 0.998 0.995 

sFR1 1 0.100 0.103 0.830 0.990 0.969 0.880 

sUK1 1 0.086 0.105 0.676 0.989 0.799 0.401 

sUS1 1 0.101 0.098 0.276 0.911 1.042 0.735 

sIR1 1 0.087 0.098 1.000 0.988 0.876 0.499 

sUK2 1 0.075 0.101 0.915 0.994 0.734 0.007 

sUS2 1 0.081 0.117 0.386 0.989 0.668 0.025 

sIT1 1 0.109 0.138 0.588 0.994 0.728 0.078 

sFIN1 1 0.098 0.116 0.802 0.985 0.782 0.162 

sNL3 1 0.087 0.096 0.136 0.998 0.902 0.292 

sGER1 1 0.083 0.083 1.000 0.996 0.999 0.995 

sIT2 1 0.116 0.157 0.682 0.996 0.689 0.139 

sIB1 1 0.107 0.122 0.630 0.997 0.847 0.574 

sSWISS1 1 0.098 0.084 0.375 0.996 1.221 0.454 

sBE2 1 0.095 0.128 0.777 0.998 0.701 0.109 

sSW2 1 0.111 0.089 0.678 0.995 1.202 0.431 

sFIN2 1 0.078 0.093 0.540 0.999 0.917 0.799 

sIR2 1 0.081 0.094 0.156 0.998 0.850 0.417 

sUS3 1 0.089 0.099 0.032 0.994 0.828 0.125 

sFR2 1 0.089 0.104 0.866 0.992 0.878 0.408 

sUK3 1 0.085 0.105 0.335 0.988 0.792 0.010 

sGER2 1 0.082 0.095 1.000 0.981 0.742 0.036 

sIT3 1 0.110 0.124 0.399 0.990 0.880 0.138 

sNL4 1 0.096 0.100 0.012 1.000 0.961 0.770 
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rs7813314
0.2
0.4
0.6
0.8

r2

KBTBD11

MYOM2

MIR7160

CSMD1

2 2.2 2.4 2.6 2.8
Position on chr8 (Mb)

Odds ratio

0.50 0.63 0.79 1.00 1.26 1.58 2.00

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sCZ1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

Meta-analysis:  p = 7.46 x 10-7

LMM:   p = 3.14 x 10-8

I2:   0.0%, p = 0.86

Nature Genetics: doi:10.1038/ng.3622



 

 

Supplementary Table 14: rs10139154 details 

  

Stratum information rs10139154 

NAME IMPUTED MAFCASES MAFCONTROLS HWE INFO ORSTRATUM PSTRATUM 

sNL1 1 0.331 0.318 0.573 1.000 1.062 0.565 
sBE1 1 0.337 0.313 0.512 0.993 1.112 0.372 
sNL2 1 0.314 0.310 0.593 0.994 1.010 0.938 
sSW1 1 0.347 0.312 0.668 1.000 1.144 0.324 
sFR1 1 0.342 0.316 0.588 0.993 1.129 0.374 
sUK1 1 0.304 0.305 0.850 1.000 0.994 0.969 
sUS1 1 0.310 0.318 0.032 0.993 0.965 0.645 
sIR1 1 0.312 0.309 0.093 0.999 1.013 0.910 
sUK2 1 0.328 0.296 0.517 1.000 1.150 0.039 
sUS2 1 0.336 0.357 0.847 0.998 0.913 0.416 
sIT1 1 0.361 0.348 0.776 0.999 1.113 0.392 
sFIN1 1 0.343 0.308 0.469 0.996 1.163 0.185 
sNL3 1 0.339 0.314 0.233 1.000 1.129 0.048 
sGER1 1 0.323 0.320 0.086 1.000 1.016 0.886 
sIT2 1 0.376 0.383 0.829 0.999 0.970 0.858 
sIB1 1 0.294 0.328 0.359 0.999 0.851 0.459 
sSWISS1 1 0.350 0.296 0.630 0.999 1.253 0.156 
sBE2 1 0.312 0.273 0.627 0.999 1.197 0.210 
sSW2 1 0.332 0.309 0.760 0.999 1.115 0.454 
sFIN2 1 0.381 0.294 0.626 0.999 1.384 0.133 

sIR2 1 0.301 0.281 0.813 1.000 1.103 0.420 
sUS3 1 0.345 0.306 0.155 1.000 1.174 0.029 
sFR2 1 0.333 0.320 0.277 0.980 1.047 0.645 
sUK3 1 0.317 0.298 0.534 1.000 1.096 0.107 
sGER2 1 0.341 0.316 0.275 0.964 1.110 0.229 
sIT3 1 0.365 0.348 0.382 0.999 1.071 0.243 
sNL4 1 0.337 0.334 0.846 1.000 1.004 0.962 
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●
rs10139154

0.2
0.4
0.6
0.8

r2

G2E3

SCFD1

COCH

LOC100506071

STRN3

MIR624

AP4S1

HECTD1

30.8 31 31.2 31.4 31.6
Position on chr14 (Mb) Odds ratio

0.63 0.79 1.00 1.26 1.58 2.00

sNL1
sBE1
sNL2
sSW1
sFR1
sUK1
sUS1
sIR1
sUK2
sUS2
sIT1
sFIN1
sNL3
sGER1
sIT2
sIB1
sSWISS1
sBE2
sSW2
sFIN2
sIR2
sUS3
sFR2
sUK3
sGER2
sIT3
sNL4

Meta-analysis:  p = 1.92 x 10-5

LMM:    p = 4.95 x 10-8

I2:   0.0%, p = 0.97
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Supplementary Table 15: previously associated loci 

  Discovery GWAS Current GWAS* 
Locus SNP MAFcases MAFcontrols  p-value OR p-value Power 

FGGY56 rs6700125 0.32 0.41 1.8 × 10-5 1.06 0.07 1.00 

ITPR23 rs2306677  0.11 0.07 3.3 × 10-6 1.03 0.54 1.00 

SUN310 rs2708909 0.45 0.50 7.0 × 10-7 0.97 0.28 1.00 

C7orf5710 rs2708851 0.45 0.50 1.2 × 10-6 0.97 0.24 1.00 

DPP64 rs10260404  0.42 0.35 5.4 × 10-8 0.97 0.20 1.00 

CAMK1G57 rs6703183  0.41 0.34 2.9 × 10-8 0.96 0.13 1.00 

SUSD257 rs8141797  0.15 0.10 2.4 × 10-9 1.02 0.70 1.00 

18q11.218 rs1788776 0.41 0.38 8.4 × 10-6 1.02 0.43 1.00 

CYP27A158 rs4674345 - - 1.8 × 10-4 0.99 0.57 - 

CENPV59 rs7477 ~ 0.5 ~ 0.5 2.9 × 10-7 1.01 0.70 - 

8q24.1359 rs12546767 ~ 0.1 ~ 0.1 2.7 × 10-6 0.93 0.09 - 

* Newly genotyped individuals only, excluding possible sample overlap with all discovery GWAS. 
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Supplementary Table 16: description of eQTL datasets 

Study Tissue N Neuropathology N Nr of tissue samples in analysis 
Myers et al.23 Pooled cortex 193 Normal 193 193 
Heinzen et al.24 Frontal cortex 93 Normal 93 93 
Webster et al.25 Pooled cortex 364 Normal 188 188 
      Alzheimer disease 176 176 
Gibbs et al.26 Cerebellum 143 Normal 572 143 

 Caudal pons 142   142 

 Frontal cortex 143   143 

 Temporal cortex 144   144 
Coluantoni et al.27 Prefrontal cortex 269 Normal 269 269 
Liu et al.28 Prefrontal cortex 127 Normal 40  
   Bipolar 39  
   Schizophrenia 37  
   Depression 11  
     127 
Kim et al. 31 Frontal cortex NA Normal 15  
 Temporal cortex NA Schizophrenia 15  
 Thalamus NA Bipolar 15  
 Cerebellum NA Major Depression 15  
     60 

 Frontal cortex NA Normal 35  
 Hippocampus NA Schizophrenia 35  
   Bipolar 35  
         105 
Zou et al.32 Cerebellum 197 Alzheimer disease 177  

 Temporal cortex 202 Other brain 
pathologies 197  

         ~400 
Ramasamy et al.33 Cerebellar cortex 134    
 Frontal cortex 134    
 Hippocampus 134    
 Medulla 134    
 Putamen 134    
 Substantia nigra 134    
 Thalamus 134    
 Temporal cortex 134    

 
Intralobular white 
matter 134    

          1,231 
Deelen et al.34 NA 42 NA 42 42 
Kim et al.35 Frontal cortex 56    
 Frontal cortex 124    
 Frontal cortex 24    
 Pooled cortex 189    
 Frontal cortex 31    
         373 
GTex36 Anterior cingulate  72   72 

 Caudate basal ganglia 100   100 

 Cerebellar hemisphere 89   89 

 Cerebellum 103   103 

 Brain Cortex 96   96 

 Brain Frontal Cortex 92    92 
 Hippocampus 81   81 
 Hypothalamus 81   81 
 Nucleus accumbens 93   93 
 Putamen basal ganglia 82   82 
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Supplementary Table 17: details for top brain cis-eQTLs 

GWAS top 
SNP 

Brain cis-
eQTL SNP R2 GWAS  

p(LMM) 
Brain cis-
eQTL gene Brain tissue eQTL p* Source 

rs616147 rs1768208 0.99 1.8 × 10-8 RPSA cerebellum 7.7  × 10-4 GTEx36 

 rs2965067 0.65 6.3 × 10-8 RPSA 
cerebellar 
hemisphere 

9.8  × 10-4 GTEx36 

 rs1472508 0.28 0.026 RPSA cortex 0.023 GTEx36 

 rs1472508 0.28 0.026 RPSA caudate basal 
ganglia 

0.019 GTEx36 

 rs12638676 0.31 8.3 × 10-7 SLC25A38 meta-analysis 5.9 × 10-3 Kim et al.35 

 rs2039845 0.15 0.027 SLC25A38 
mixed brain 
sample 1.0 × 10-3 Webster et. al27 

 rs1707953 0.10 0.74 MOBP cerebellum / 
temporal cortex 

7.1 × 10-18 Zou et al. 32 

rs3849943 rs10812605 0.56 5.8 × 10-12 C9orf72 cerebellum 7.7 × 10-4 GTEx36 

 rs2492816 0.45 2.0 × 10-11 C9orf72 
cerebellar 
hemisphere 9.8 × 10-4 GTEx36 

 rs2492816 0.45 2.0 × 10-11 C9orf72 nucleus 
accumbens 

0.041 GTEx36 

 rs4879541 0.33 8.5 × 10-10 C9orf72 frontal cortex  0.013 GTEx36 
 rs2244606 0.24 2.5 × 10-10 C9orf72 meta-analysis 5.3 × 10-7 Kim et al.35 
rs10139154 rs10139154 1.00 5.0 × 10-8 SCFD1 cerebellum 7.7 × 10-4 GTEx36 

 rs10139154 1.00 5.0 × 10-8 SCFD1 cerebellar 
hemisphere 

9.8 × 10-4 GTEx36 

rs35714695 rs35714695 1.00 9.0 × 10-11 POLDIP2 cortex 2.3 × 10-3 GTEx36 
 rs739438 0.54 4.1 × 10-6 POLDIP2 substantia nigra 0.038 BRAINEAC33 

 rs9913833 0.22 0.012 POLDIP2 nucleus 
accumbens  

0.012 GTEx36 

 rs4795434 0.22 0.013 POLDIP2 putamen basal 
ganglia 

0.048 GTEx36 

 rs7212510 0.21 0.016 TMEM199 
anterior cingulate 
cortex  

0.011 GTEx36 

 rs12947270 0.33 0.014 SARM1 cortex 0.043 GTEx36 
rs12608932 rs12608932 1.00 2.7 × 10-10 KCNN1 frontal cortex 7.0 × 10-3 BRAINEAC33 

For each cis-eQTL in each brain region, details are provided only for the SNP in strongest LD 

with the top SNP in the GWAS. A full description of all brain and non-brain cis-eQTLs is 

provided in the supplementary Excel file. 

* Corrected p-values as reported in original article; for BRAINEAC Benjamini-Hockhberg 

correction was performed for all eQTL SNPs overlapping with suggestive DEPICT GWAS 

loci (GWAS LMM p < 10 × 10-4; r2 > 0.5); for GTEx, q-value for eGene is reported. 
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Supplementary Table 18: software packages 
Software Version Web source Reference 

ANNOVAR 2014-07-14 http://annovar.openbioinformatics.org 42 

DEPICT 1.139 http://www.broadinstitute.org/mpg/depict 43 

EIGENSTRAT 3.0 https://github.com/DReichLab/EIG 44 

GCTA 1.24 http://www.complextraitgenomics.com/software/gcta/ 45 

IMPUTE2 2.3.1 https://mathgen.stats.ox.ac.uk/impute/impute_v2.html 46 

MASS 7.0 http://dlin.web.unc.edu/software/mass/ 47 

METAL 2011-03-25 http://genome.sph.umich.edu/wiki/METAL_Program 48 

LDSC 1.0.0 https://github.com/bulik/ldsc/ 49 

PCGC 2014-12 https://sites.google.com/site/davidgolanshomepage/software/pcgc 50 

PLINK 1.9 beta3p https://www.cog-genomics.org/plink2/ 51 

R 3.0.2 http://cran.r-project.org - 

ScoreSeq 7.0 http://dlin.web.unc.edu/software/score-seq/ 52 

SHAPEIT2 2.727 https://mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html 53 

SNPTEST 2.5 https://mathgen.stats.ox.ac.uk/genetics_software/snptest/snptest.html 54 

VCFtools Dec 2015 https://vcftools.github.io/index.html 55 
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Supplementary Table 19: IMPUTE2 imputation concordance scores 

Stratum  Type 0 concordance  Type 1 concordance 

 
 cases controls p*  cases controls p* 

1  0.982 0.982 0.956  0.975 0.975 0.944 
2  0.977 0.977 0.997  0.967 0.967 0.996 
3  0.983 0.982 0.915  0.977 0.975 0.895 
4  0.981 0.982 0.965  0.973 0.974 0.960 
5  0.968 0.968 0.984  0.955 0.954 0.983 
6  0.971 0.971 0.996  0.960 0.960 0.999 
7  0.971 0.971 0.987  0.960 0.960 0.986 
8  0.985 0.985 0.995  0.979 0.979 0.986 
9  0.987 0.987 0.981  0.981 0.981 0.980 
10  0.985 0.985 0.972  0.978 0.978 0.961 
11  0.977 0.974 0.901  0.967 0.962 0.878 
12  0.985 0.984 0.936  0.979 0.978 0.919 
13  0.999 0.992 0.275  0.998 0.989 0.187 
14  0.987 0.987 0.990  0.981 0.981 0.995 
15  0.982 0.981 0.971  0.974 0.972 0.964 
16  0.981 0.981 0.986  0.973 0.972 0.984 
17  0.986 0.986 0.995  0.979 0.979 0.994 
18  0.988 0.988 0.999  0.983 0.983 0.998 
19  0.990 0.990 0.991  0.986 0.986 0.988 
20  0.989 0.989 0.975  0.985 0.984 0.961 
21  0.988 0.988 0.993  0.983 0.983 0.992 
22  0.986 0.987 0.761  0.980 0.981 0.698 
23  0.969 0.968 0.968  0.955 0.955 0.961 
24  0.984 0.984 0.783  0.978 0.977 0.360 
25  0.922 0.930 0.548  0.886 0.899 0.435 
26  0.978 0.979 0.912  0.969 0.970 0.887 
27  0.999 0.999 0.989  0.999 0.999 0.966 
Total**  0.983 0.984 0.839  0.999 0.999 0.648 

* logistic regression of concordance scores between cases and controls. 

** logistic regression of concordance scores with stratum as covariate. 
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Supplementary Table 20: oligonucleotide primers for Sanger sequencing 

SNP Forward primers Reverse primer 
rs10139154 5′-GCTAGAAGATTGTGTCATGTAGAGG-3′ 5′-ACAACCAGCAAGTGGGAAAG-3′ 
rs7813314 5′-TGCTGATACGGTGACCAGAG-3′ 5′-TTGCTATTGAATGCTCCTTTGC-3′ 
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